S
ynaptic perturbations are strongly linked to cognitive decline and memory impairment in patients with early-stage Alzheimer's disease (AD) (1, 2) . The accumulation of soluble oligomeric clusters of amyloid-β (Aβ), a secreted proteolytic derivative of the amyloid precursor protein (APP), may be important for the early synaptic failure that is seen in AD pathogenesis (3) (4) (5) (6) . Neurons that overexpress APP or are exposed to Aβ oligomers show synaptic depression, a loss of dendritic spines, and a reduced capacity for synaptic plasticity (7) (8) (9) (10) . For all these effects to occur, NMDA receptor (NMDAR) activity is required (7, (11) (12) (13) . Aβ oligomers trigger an NMDAR-dependent signaling pathway that leads to synaptic depression through the removal of AMPA receptors (AMPARs) and NMDARs from synapses (7, 11, 14) . Interestingly, a blockade of AMPAR endocytosis prevents the depletion of NMDARs and a loss of spines (15, 16) , suggesting that the removal of AMPARs from synapses is critical for this pathway to induce synaptic failure.
Excitatory neurons of the mature hippocampus predominantly contain two types of AMPARs in approximately equivalent amounts (17) : those consisting of subunits GluA1 and GluA2 (GluA1/2s) and those consisting of subunits GluA2 and GluA3 (GluA2/3s) (18) . GluA1-containing AMPARs are inserted into synapses upon the induction of long-term potentiation (LTP) in brain slices (19) and play a prominent role in memory formation (20, 21) . In contrast, GluA2/3s contribute relatively little to synaptic currents, LTP, or memory formation (22) (23) (24) (25) and have been implicated in participating in the homeostatic scaling of synapse strength (26, 27 ). Here we demonstrate that the AMPAR subunit GluA3 plays a major role in AD pathology by showing that mice lacking GluA3 are protected against Aβ-driven synaptic deficits, spine loss, and memory impairment.
Results

GluA3-Deficient Neurons Are Resistant Against Aβ-Mediated Synaptic
Depression. To assess whether the removal of AMPARs from synapses by Aβ depends on AMPAR subunit composition, organotypic hippocampal slice cultures were prepared from GluA1-deficient or GluA3-deficient mice and their WT littermates. CA1 neurons were sparsely (<10%) infected with Sindbis virus expressing APP CT100 , the β-secretase product of APP and precursor to Aβ, together with tdTomato fluorescent protein under the control of a second subgenomic promoter. Twenty to thirty hours after viral infection, synaptic currents evoked by electrical stimulation of Schaffer collateral inputs were measured simultaneously on tdTomato-expressing and neighboring uninfected pyramidal CA1 neurons. We ascertained that the majority of tdTomato-expressing neurons produced APP CT100 without affecting their membrane resistance (Fig. S1 ), supporting previous demonstrations that in these conditions the health of the neurons is not affected by Sindbis infection (7, 11, 19) . WT neurons that expressed APP CT100 showed decreased AMPAR currents (P < 0.01) (Fig. 1A) and reduced AMPA/NMDA ratios (P = 0.03) (Fig. 1C) , which have been shown to be caused by increased neuronal production of Aβ (7, 11) . In CA1 neurons of GluA3-deficient organotypic slices the AMPA/NMDA ratios were reduced 35% on average compared with WT CA1 neurons (P = 0.05) (Fig. 1C) , and APP CT100 expression failed to decrease synaptic AMPAR currents (P = 0.6) ( Fig. 1 A and B) or AMPA/ NMDA ratios (P = 0.6) ( Fig. 1 C and D) . GluA1-deficient neurons had an even more reduced AMPA/NMDA ratio (55%) (Fig.  1C ) but still showed APP CT100 -induced synaptic AMPAR depression (P = 0.01) (Fig. 1A ) similar to the depression in WT neurons (P = 0.2) (Fig. 1B) . These data indicate that the presence Significance In Alzheimer's disease, soluble clusters of amyloid-β (Aβ) are believed to degrade synapses and impair memory formation. The removal of AMPA receptors from synapses was previously shown to be a critical step in Aβ-driven synapse loss. In this report, we establish that AMPA receptors that contain subunit GluA3 play a central role in Aβ-driven synaptic and memory deficits. Neurons that lack GluA3 are resistant to synaptic weakening and inhibition of synaptic plasticity, and mice that lack GluA3 were resistant to memory impairment and premature mortality. Our experiments suggest that Aβ initiates synaptic and memory deficits by removing GluA3-containing AMPA receptors from synapses.
of AMPARs containing GluA3, but not of those containing GluA1, is crucial for Aβ to trigger synaptic AMPAR depression.
To assess the effect of Aβ on NMDARs, we compared synaptic NMDAR currents in pairs of APP CT100 -infected and nearby uninfected neurons (Fig. 2) . APP CT100 expression led to a significant decrease in synaptic NMDAR currents in WT CA1 neurons (P < 0.01) ( Fig. 2A ) and in GluA1-deficient CA1 neurons (P = 0.02) but not in neurons lacking GluA3 (P > 0.9) (Fig. 2 A and C) . These data indicate that neurons are susceptible to Aβ-mediated NMDAR depression only when they express AMPAR subunit GluA3. Digital subtraction of currents before and after wash-in of Ro 25-6981, a specific blocker of the GluN2B subunit, permitted measurement of the relative contribution of subunits GluN2A and GluN2B to the NMDAR currents. The relative contribution of GluN2A and GluN2B to total NMDAR currents was not altered by the absence of GluA1 or GluA3 (Fig. 2B) . As previously shown (11) , APP CT100 expression in WT neurons selectively affected NMDAR currents mediated by GluN2B (P = 0.01) (Fig. 2 B and E) but not those mediated by GluN2A (P = 0.4) (Fig. 2 B and D) . APP CT100 expression in GluA3-deficient neurons failed to reduce NMDAR currents independently of whether they contained GluN2A (P = 0.6) ( Fig. 2 B and D) or GluN2B (P = 0.3) (Fig. 2 B and E). In GluA1-deficient neurons both GluN2A (P = 0.02) and GluN2B (P = 0.03) NMDAR currents were significantly reduced upon APP CT100 expression (Fig. 2 B-E) , suggesting that the presence of GluA1 protects synapses from an Aβ-mediated reduction in synaptic GluN2A currents. A proportional decrease in AMPAR (Fig. 1B) and NMDAR (Fig. 2C ) currents in APP CT100 -expressing GluA1-deficient neurons corresponds with their unchanged AMPA/NMDA ratio (Fig. 1D ).
Aβ-Mediated Synapse Loss Depends on the Presence of GluA3. The number of AMPARs at a synapse correlates well with the synapse size and the spine size (28) . To examine whether Aβ selectively targets a specific subtype of synapses harboring GluA3-containing AMPARs, we analyzed spine densities, spine size, and miniature excitatory postsynaptic potential (mEPSC) events in Aβ-overproducing neurons. We assessed Aβ-induced spine loss by expressing APP CT100 together with the cytosolic marker tdTomato in CA1 neurons of organotypic slices. As a control we expressed APP CT84 , the α-secretase product of APP, which does not produce Aβ and did not affect spine density, mEPSC frequency, or mEPSC amplitude (Fig. S2) . The spine density at apical dendrites was significantly lower in APP CT100 -expressing WT CA1 neurons than in APP CT84 -expressing ones (P = 0.01) (Fig. 3A) . The loss of spines in APP CT100 -expressing CA1 neurons occurred without a change in the average spine head diameter (P = 0.6) (Fig. 3A) or in the distribution of spine head sizes (Fig. 3B) . Correspondingly, CA1 neurons expressing APP CT100 showed a decrease in mEPSC frequency (P < 0.01) (Fig. 3C) but not in average mEPSC amplitude (P = 0.9) (Fig. 3C) . A minor change in the distribution of mEPSC amplitudes (P = 0.02) (Fig. 3D) indicates that APP CT100 -expressing neurons have a slightly smaller proportion of synapses with large AMPAR current amplitudes.
GluA3-deficient CA1 neurons have a spine density similar to that in WT neurons (P = 0.6) with, on average, slightly larger spine heads (P = 0.002) (Fig. S3) . APP CT100 expression in these GluA3-deficient neurons did not lead to a reduced spine density (P > 0.9) or spine head size (P > 0.9) (Fig. 3A) . The average mEPSC amplitude also was similar between GluA3-deficient neurons and WT neurons (P = 0.2) and was not altered upon APP CT100 expression in GluA3-deficient neurons [P = 0.7 ( Fig. 3C) and P = 0.6 ( Fig.  3D)] . Notably, the mEPSC frequency was significantly lower in GluA3-deficient neurons (P < 0.01) (Fig. 3C) , similar to the level in APP CT100 -expressing WT neurons (P = 0.2), and did not change upon APP CT100 expression (P = 0.2) (Fig. 3C) . These findings indicate that Aβ triggers a reduction in synaptic AMPAR currents and a loss of spines only when GluA3 is present. Combined with previous reports showing that AMPAR endocytosis is required for the synaptotoxic effects of Aβ (15, 16) , our data indicate that the active removal of GluA3-containing AMPARs by Aβ (but not the genetic deficiency of GluA3) leads to a loss of spines.
GluA3-Deficient Neurons Are Insensitive to the Aβ-Mediated Blockade of LTP. Aβ oligomers are capable of blocking NMDAR-dependent LTP (9) . To assess whether GluA3-deficient neurons are susceptible to the Aβ-mediated blockade of LTP, we performed extracellular local field potential recordings in brain slices acutely isolated from WT mice and GluA3-deficient littermates. Previous studies have shown that LTP induction in GluA3-deficient brain slices produces a level of potentiation that is similar to (23) or larger than (25) that in WT neurons. We observed that a thetaburst stimulation (TBS) of CA3-CA1 synapses produced stable, pathway-specific LTP of similar magnitude in WT and GluA3-deficient slices (Fig. S4 ). This experiment was repeated in slices incubated with cell culture medium from a cell line that produces Aβ in oligomeric form or with control medium (29) . The incubation of slices with 1 nM of oligomeric Aβ blocked LTP in WT slices (P = 0.03) ( Fig. 4A ) but failed to block LTP in GluA3-deficient slices (P = 0.8) (Fig. 4B ). In the presence of Aβ oligomers LTP was significantly smaller in WT slices than in GluA3-deficient slices (P = 0.04) (Fig. 4C ). Thus, GluA3 expression was critical for Aβ oligomers to block LTP.
GluA3-Deficient APP/PS1 Transgenic Mice Do Not Display Spine Loss or Memory Impairment. Mice that express human APP (APPswe) and mutant presenilin 1 (PS1dE9) transgenes produce high levels of Aβ 42 and are used as a mouse model for familial AD (30) .
Immunostaining for Aβ shows that these APP/PS1-transgenic mice start to develop plaques in the CA1 region of the hippocampus at the age of 6 mo, with more plaques situated in the stratum lacunosum-moleculare (SLM) than in the stratum radiatum (SR) ( Fig.  5A and Fig. S5A ). To assess whether these local differences in Aβ load correspond with location-specific patterns of spine loss (31), spine analysis was performed on oblique CA1 dendrites in both the SR and the SLM. Indeed, although the spine density in the SR remained unaffected (P = 0.6) ( . In GluA3-deficient APP/PS1 mice the development of plaque formation was similar to that in their GluA3-expressing APP/PS1 littermates (P > 0.9) (Fig. 5 A and B) , suggesting that the level of Aβ accumulation was unaffected by the absence of GluA3. As we observed in organotypic slice cultures, GluA3-deficient CA1 neurons have, on average, a spine density similar to that in their age-matched littermates ( In addition to Aβ plaque and spine pathology, APP/PS1 mice show cognitive deficits and premature mortality. In our colony the survival rate of APP/PS1 mice was lower than that of their WT littermates (P < 0.01). However, GluA3-deficient APP/PS1 mice did not show premature mortality (P = 0.2) (Fig. 6A) . We tested the ability to form hippocampus-and amygdala-dependent memories by submitting 6-mo-old and 12-mo-old mice to a contextual fear-conditioning paradigm. Upon exposure to the shock cage, the mice with different genotypes displayed similar locomotor activity in a novel environment and a similar startle response to a mild foot shock (Fig. 6 B and C) . When re-exposed to the shock cage 24 h after conditioning, APP/PS1 mice showed impaired fear memories as expressed by a lower level of freezing behavior compared with WT littermate controls at both 6 mo (P = 0.01) (Fig. 6D ) and 12 mo of age (P = 0.03) (Fig. 6E) . For GluA3-deficient mice, the freezing response to the fearful context was equal whether or not the mice carried APP/PS1 transgenes (P > 0.9) (Fig. 6 D and E) . Similar results were obtained when another group of 6-mo-old mice was tested 7 d after conditioning (Fig. 6 F and G), indicating that the long-term stability of contextual fear memories also remained unaffected by APP/PS1 transgenes in the absence of GluA3. GluA3-deficient mice consistently displayed a lower (nonsignificant) memory performance than their WT littermate controls at both age 6 mo (P = 0.7) (Fig. 6D ) and age 12 mo (P = 0.6) (Fig. 6E ). This lower memory performance was not observed in 3-mo-old mice (Fig. S6) . Combined, these findings indicate that GluA3 renders APP/PS1 mice susceptible to memory impairment.
Discussion
We studied the influence of AMPAR subunit composition on Aβ-mediated synapto-toxicity in three different model systems. First we showed that synaptic depression and spine loss in APP CT100 -overexpressing CA1 neurons of organotypic slices require GluA3 expression. Second, exogenously added Aβ oligomers block LTP in acutely isolated brain slices of WT mice but not in slices from GluA3-deficient mice. Finally, increased mortality, contextual fear memory deficits, and spine loss are absent in APP/ PS1-transgenic mice that lack GluA3. Our data indicate that GluA3-containing AMPARs play a central role in these Aβ-mediated deficits. The increased mortality of APP/PS1 transgenic mice appears to be related to the occurrence of epileptic seizures and not to neurodegeneration (32) . It will be interesting to assess whether GluA3 is also required for seizure generation in APP/PS1 mice.
How Aβ oligomers initiate synaptic deficits remains largely unclear. Aβ oligomers have a broad range of binding partners at the surface of neurons (33) , and a number of these partners have been proposed to be necessary for inducing pathological effects (10, 34) . Although GluA3 may be another candidate Aβ receptor, we consider the possibility that GluA3 is responsible not for the induction but rather for the expression of Aβ-driven synaptic deficits. We propose a model in which Aβ oligomers bind one or a A C B D combination of surface receptors, thereby hijacking or facilitating an endogenous NMDAR-dependent signaling cascade that ultimately leads to the selective removal of GluA3-containing AMPAR from synapses. A factor that potentially mediates the depletion of GluA2/3 AMPARs from synapses is PICK1 (protein interacting with C-kinase 1), an adaptor protein that selectively interacts with GluA2 and GluA3. The phosphorylation of the GluA2 or GluA3 c-tail by protein kinase Cα (PKCα) permits PICK1 binding, leading to AMPAR endocytosis (35, 36) . Notably, PICK1 and PKCα are necessary for Aβ-mediated synaptic depression to take place (37, 38) . The PICK1-dependent removal of AMPARs from the surface by Aβ was shown to be more prominent for GluA2 than for GluA1 (37) , suggesting that Aβ oligomers particularly trigger the endocytosis of GluA2/3s. The removal of GluA3-containing receptors by Aβ as a mechanism of action is supported by our finding that AMPAR currents are similarly reduced in neurons lacking GluA3 and in WT neurons expressing APP CT100 . (i.e., the mEPSC frequencies and AMPAR/NMDAR ratios are similar). Other effects of Aβ, including synaptic NMDAR depression, spine loss, LTP blockade, memory impairment, and premature mortality, did not fully mimic the lack of GluA3. Possibly these effects require the active removal of GluA3-containing AMPARs and/or GluA3 deficiency is chronic and could allow compensatory mechanisms to ameliorate some of the deficits. Regardless of the mechanisms underlying the partial mimicry, our experiments indicate that the presence of GluA3 is required for these effects to occur. GluA3-containing AMPARs have been proposed to be involved in the homeostatic scaling of synapse strength (26, 27) . In such a scenario, neurons that are deprived of synaptic input increase their synaptic GluA2/3 levels, and, conversely, neurons that are hyperactive counteract by lowering the number of GluA2/3s at synapses. It has recently been suggested that ADrelated synaptic and memory deficits may arise from defects in homeostatic plasticity (39, 40) . Possibly Aβ oligomers mediate a persistent synaptic downscaling by reducing the levels of GluA2/3s at synapses irrespective of the history of neuronal activity. Alternatively, Aβ oligomers may trigger increased neuronal network activity (41) to which neurons respond by lowering synaptic GluA2/3 levels. However, the consequences of excess deposition of Aβ are not limited to the loss of synaptic AMPAR levels. Our observation that other Aβ-driven effects are not observed in GluA3-deficient mice is consistent with the notion that the removal of AMPARs from synapses is one of the first critical steps in Aβ pathogenesis (15, 16), followed or accompanied by the collateral removal of GluA1/2s and GluN2B-containing NMDARs and the disintegration of the synapse. Possibly GluA2/3s play a role in the stabilization of spine structures, for instance through their interaction with N-cadherins at synapses (42, 43) . Alternatively, the endocytosis of GluA3-containing AMPARs may trigger a cellular signal that leads to the dismantling of spine structures. We propose that an intervention in the signaling pathway that is used by Aβ to remove GluA2/3s from synapses may be an attractive approach to prevent all Aβ-driven synaptic and memory deficits.
Lowering the neuronal or synaptic levels of GluA3-containing AMPARs may reduce the vulnerability of neurons to the detrimental effects of oligomeric Aβ. Interestingly, a recent study that screened for gene-expression profiles associated with mild cognitive impairment (MCI), a clinical transitional stage between aging and AD dementia (44) , found that among the genes that showed a strong negative correlation with cognitive performance were those encoding the glutamate receptors GluA3 and GluN2B (45) . It is tempting to speculate that people with relatively low levels of GluA3 and GluN2B expression are less likely to develop MCI despite the presence of Aβ oligomers. Along these lines, a mentally active brain would theoretically provide a reduced susceptibility for MCI, because learning behavior and sensory experiences trigger the delivery of GluA1-containing AMPARs to synapses (20, 21) and the subsequent homeostatic removal of synaptic GluA2/3s (26, 27) . Future experiments may reveal the physiological conditions under which the levels of GluA3 change in neurons and whether differences in the expression levels of GluA3 determine the severity of AD symptoms. In the presence of Aβ-containing medium, the fold change in AMPAR currents upon TBS, calculated as the log2-transformed ratio of the fEPSP 50-60 min after TBS (i.e., at 70-80 min) over the fEPSP during baseline (0-20 min) was larger in the LTP pathway of GluA3-KO slices than in the LTP pathway of WT slices and control pathways (plots of control pathways are shown in Fig. S4 ). Data are mean ± SEM. Statistics: twotailed unpaired t test over the last 10 min of the recording (A and B) and twoway ANOVA with post hoc Sidak comparisons (C). *P < 0.05.
Experimental Procedures
Mice. GluA3-deficient mice (Gria3tm1Dgen/Mmnc; Mutant Mouse Regional Resource Center, Davis, CA), APPswe/PS1dE9 mice (30) (kindly provided by Elly Hol, University Medical Center, Utrecht, The Netherlands), and Thy1-eYFP mice (B6.CgTg(Thy1-YFP)HJrs/J; Jackson Laboratories) were backcrossed to c57bl6 mice at least six times. GluA1-deficient mice were in a c57bl6/129 hybrid background and were a kind gift from R. Huganir, Johns Hopkins University, Baltimore (46 Organotypic and Acute Hippocampal Slices. Organotypic hippocampal slices were prepared from postnatal day 7-8 mice as described previously (47) and were used after 7-12 d in culture for electrophysiology or after 13-15 d in culture for spine analysis. Constructs of APP-CT100+tdTomato and APPCT84+tdTomato were cloned into a pSinRep5 shuttle vector, and infective Sindbis pseudo viruses were produced according to the manufacturer's protocol (Invitrogen BV). Acute hippocampal slices were prepared from 3-to 4-wk-old mice. Slices were cut coronally in cold sucrose cutting buffer (72 mM sucrose, 22 mM glucose, 2.6 mM NaHCO 3 , 83 mM NaCl, 2.5 mM KCl, 3.3 mM MgSO 4 , and 0.5 mM CaCl 2 ) at a thickness of 350 μm and were transferred to a recovery chamber containing oxygenated artificial cerebrospinal fluid (ACSF) containing 11 mM glucose, 1 mM MgCl 2 , and 2 mM CaCl 2 . Slices were maintained at 34°C for 45 min and then at room temperature for 45 min.
Preparation of Aβ Oligomers. CHO cells stably transfected with the APP751(V717F) mutation, referred to as "7PA2 cells" (29) , were a gift from Edward Koo, Department of Neurosciences, University of California, San Diego, La Jolla, CA.
7PA2 cells or control CHO cells were cultured in DMEM containing 10% (wt/vol) bovine FCS, were grown to near confluence, and then were cultured in plain DMEM for 16 h. The Aβ medium was collected, centrifuged at 200 × g for 10 min, and concentrated 10-fold using an Amicon Ultra 3k filtration device at 4,000 × g for 30 min at 4°C. Levels of Aβ 40 and Aβ 42 oligomers were measured by ELISA. 7PA2-conditioned medium was diluted to 1 nM total Aβ, and CHOconditioned medium from the same batch was diluted similarly. Western blots were used to confirm the presence of Aβ oligomers.
Electrophysiology. Organotypic hippocampal slices were perfused with ACSF (in mM: 118 NaCl, 2.5 KCl, 26 NaHCO 3 , 1 NaH 2 PO 4 , 4 MgCl 2 , 4 CaCl 2 , and 20 glucose) gassed with 95%O 2 /5%CO 2 . Whole-cell recordings were made with 3-to 5-MΩ pipettes (R access <20 MΩ, and R input >10× R access ) filled with internal solution containing (in mM) 115 CsMeSO 3 , 20 CsCl, 10 Hepes, 2.5 MgCl 2 , 4 Na 2-ATP, 0.4 Na-GTP, 10 Na-Phosphocreatine, and 0.6 EGTA. mEPSCs were A B C D E F G Fig. 6 . APP/PS1 mice do not show increased mortality or memory deficits when they lack GluA3. (A) Kaplan-Meier curves demonstrate that APP/PS1 but not APP/PS1/GluA3-KO mice have increased mortality rates (n = 780 surviving at 1 mo, n = 127 surviving at 12 mo). (B and C) Locomotion is similar before and during (startle response) the foot-shock in the conditioning trial in 6-mo-old (B) and 12-mo-old (C) mice. The automated quantification of motion as the number of significant motion pixels (SMP) was described previously (48) . (D and E) Freezing levels during fear-memory retrieval 24 h after conditioning in 6-mo-old littermates (WT, n = 13; APP/PS1, n = 13; GluA3-KO, n = 11; APP/PS1/GluA3-KO, n = 15) (D) and in 12-mo-old littermates (WT, n = 13; APP/PS1, n = 20; GluA3-KO, n = 12; APP/PS1/GluA3-KO, n = 19) (E). (F and G) Freezing responses to the fear context at 24 h (as in D) and in a different group of mice tested 7 d after conditioning (WT, n = 14; APP/PS1, n = 13; GluA3-KO, n = 16; APP/PS1/GluA3-KO, n = 19) showed that the long-term stability of contextual fear memories is unaffected in APP/PS1/GluA3-KO mice. Data are mean ± SEM. Statistics: Mantel-Cox test with Bonferroni correction (A), two-way ANOVA with post hoc Sidak comparisons (D and E), and unpaired t test (F and G). *P < 0.05.
recorded at −60 mV with 1 μM TTX and 50 μM picrotoxin added to the bath. For evoked recordings, a cut was made between CA1 and CA3, and 50 μM picrotoxin and 4 μM 2-chloroadenosine (Tocris) were added to the bath. Two stimulating electrodes (two-contact Pt/Ir cluster electrodes; FHC), were placed between 100 and 300 μm down the apical dendrite, 100 μm apart, and 200 μm laterally in opposite directions. AMPAR-mediated EPSCs were measured as the peak inward current at −60 mV. NMDAR-mediated EPSCs were measured as the mean outward current between 40 and 90 ms after the stimulation at +40 mV, corrected by the current at 0 mV. EPSC amplitudes were obtained from an average of at least 40 sweeps at each holding potential. Data were acquired using a Multiclamp 700B amplifier (Molecular Devices). Evoked recordings were analyzed using custom software written in Igor Pro (WaveMetrics). mEPSC recordings were analyzed with the Mini Analysis program (Synaptosoft) with an amplitude threshold of 5 pA. For LTP recordings, acute slices were transferred to a recording chamber, where they were submerged and received a continuous flow of ACSF supplemented with 11 mM glucose, 1 mM MgCl 2 , 2 mM CaCl 2 , and 100 μM picrotoxin (pH 7.4). Extracellular field potentials were recorded in the SR with glass electrodes (1.5-2.5 MΩ) containing ACSF. Field excitatory postsynaptic potentials (fEPSPs) were evoked by stimulating independent afferents by placing bipolar stimulation electrodes 150 μm down the apical dendrites and 150-200 μm laterally in opposite directions. Aβ or control medium was added to the perfusion for 20 min during the acquisition of a stable baseline before LTP induction. LTP was induced by applying four trains of electrical stimulation at 100 Hz, each lasting 100 ms, at 20-s intervals. After LTP induction, fEPSPs were recorded for an additional 60 min. An averaged normalized fEPSP for the last 10 min of each recording (50-60 min after LTP induction) was used to quantify the potentiation value. Experimenters were blind to experimental conditions.
Dendritic Spine Analysis in Organotypic Hippocampal Slices. 3D images were collected by two-photon laser scanning microscopy (Femtonics Ltd.) with a Ti:sapphire laser (Chameleon; Coherent) tuned at 910 nm. Optical z-sections were captured every 0.75 μm of apical dendrites, ∼180 μm from the cell body. The density and diameter of spines protruding in the horizontal (x/y) plane were manually quantified from projections of stacked 3D images by an experimenter blind to experimental conditions and genotype using ImageJ software (fiji.sc).
Aβ Plaque Load and Spine Analysis in APP/PS1 Mice. Mice were anesthetized with pentobarbital and perfused with 20 mL 0.1 M PBS followed by 80 mL of fixative (4% paraformaldehyde in 0.1 M PBS, pH 7.2). Brains were removed, postfixed for 1 h in fixative, and washed in PBS.
For plaque load analysis brains were kept in 20% (wt/vol) sucrose overnight, snap-frozen in dry-ice, and stored at −80°C. The brains were sliced into 10-μm sections on a Leica CM3050S cryostat and thaw-mounted onto microscope slides. Epitope retrieval was achieved by incubating the slides in a sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) at 95°C. The sections were washed in PBS, incubated in blocking solution [10% (wt/vol) normal donkey serum, 0.4% Triton X-100 in PBS] for 1 h, and subsequently incubated with the 6E10 antibody (1:15,000 dilution; SIG-39320; Covance) overnight at room temperature in blocking solution, washed in PBS, and incubated with Cy3-conjugated donkey anti-mouse IgG in PBS (1:1,400; Jackson ImmunoResearch) for 2 h at room temperature. Sections were washed in PBS and covered with VECTASHIELD mounting medium with DAPI (Vector Labs). Images of the CA1 (magnification, 10×; pixel size, 1,392 × 1,040, 0.65 μm 2 ) were obtained using a fluorescence microscope (Leica DM-RE). Eight images per animal were acquired by experimenters blind to experimental conditions and were analyzed with Image-Pro Plus software (Media Cybernetics). The level of plaque area was expressed as the percentage of positive pixels. Slices from WT and GluA3-KO littermates were included as negative controls (Fig. S5A) .
For spine analysis coronal 50-μm-thick slices were prepared from the fixed brains of Thy1-eYFP mice with a vibratome (Leica) and were mounted with VECTASHIELD medium (Vector Labs). Z-stack images of oblique apical dendrites were obtained with a Leica SP5 II confocal microscope. Laser power was adjusted to achieve similar fluorescence levels across images. Spine density and spine size were manually quantified by an experimenter blind to experimental conditions and genotype using ImageJ software (fiji.sc). Spine size was determined by measuring spine head diameters, because diameter measurements were largely independent of fluorescence intensity levels (Fig. S5C) . Freezing behavior and locomotion were quantified using a custom-made Matlab script (48) . Absence of movement for at least 1 s was considered as freezing. Experimenters were blind to the genotypes of the mice.
Statistical Analysis. The Kolmogorov-Smirnov test (K-S) was used to test whether datasets were normally distributed. The F-test was used to test equal variance. Where necessary, data were log-or square root-transformed to obtain normal distributions and homogeneity of variance. Significance was determined using two-tailed Student t tests to compare two groups. Two-way ANOVA followed by post hoc Sidak comparisons were used when two independent variables (i.e., genotype and the expression/presence of Aβ) were measured. The K-S tests on the cumulative distributions were done on data normalized to the group mean, allowing the comparison of distributions independent of a difference in mean. A Mantel-Cox test with Bonferroni correction was used to compare mortality rates. P values below 0.05 were considered statistically significant.
Supporting Information
Reinders et al. 10 .1073/pnas.1614249113 Fig. 3A. (B and C) SLM dendrites in 6-mo-old mice as in Fig. 6G (B) and in 12-mo-old mice as in Fig. 5H (C) . Data are mean ± SEM. Statistics: two-tailed unpaired t tests for spine diameter and K-S test for spine size distributions. *P < 0.05. show LTP with similar magnitude in the absence of medium (WT, n = 11; GluA3-KO, n = 6) and in the presence of control medium (WT, n = 6; GluA3-KO, n = 8) in WT and GluA3-KO slices. (B) The control pathways of the LTP experiments shown in Fig. 4 remained stable over time in Aβ medium (WT, n = 5; GluA3-KO n = 8) (Top), in the absence of medium (WT, n = 6; GluA3-KO, n = 6) (Middle), and in control medium (WT, n = 3; GluA3-KO, n = 3) (Bottom), demonstrating that the LTP was specific for the stimulated pathway. Data are mean ± SEM. Statistics: two-tailed unpaired t test over the last 10 min of the recording. . Freezing levels during fear-memory retrieval 24 h after conditioning in 3-mo-old littermates (WT, n = 11; APP/PS1, n = 10; GluA3-KO, n = 7; APP/PS1/ GluA3-KO, n = 11) show memory impairment in APP/PS1 mice that is not seen in APP/PS1 GluA3-KO mice. Statistics: Two-way ANOVA with post hoc Sidak comparisons. *P < 0.05.
